Introduction
Sea-level rise as a result of climate change (Rahmstorf et al. 2007 ) has become a serious challenge to sustainable management of the coastal zone globally. The global average sea level rose at an average rate of around 1. The trend is expected to continue for centuries (Nicholls et al. 2007 ) and has the potential to further increase the threats of flooding in coastal cities (Kebede et al. 2012) . Its impact on beach morphology will be influenced by the prevailing topography (Strauss et al. 2012) .
Accelerated sea-level rise results in a spatial shift of coastal geomorphology, which is manifested through the redistribution of coastal landforms (Crooks 2004) . Increasing water depth at the shore, due to sea-level rise, results in enhanced wave and tidal activities through energy dissipation along the coast. Coastal landforms responds to this hydrodynamics by migrating both normal and parallel to the shore in order to maintain their position within the energy gradient and also attempt to restore their equilibrium state.
Threats from sea-level rise and the resultant increased erosion and flooding require planned adaptation strategies to preserve the coastal environment and protect coastal investments. This is because the coastal zone is a hub of social and economic activities, and accommodates over 50% of the global population (Woodroffe 2003) . It is estimated that about 40% of the West African population live in coastal cities and this is expected to increase to about 50 million inhabitants by 2020 (Boko et al. 2007) . Hence coastal erosion-related disasters in coastal communities will affect the economy of coastal nations significantly and affect coastal ecosystems. They will also interfere with the water supply for human consumption and agricultural purposes due to salt water intrusion into coastal aquifers. The most vulnerable areas within the coastal zone are the low-lying coastal communities, coastal defense structures and coastal infrastructures.
Coastal communities will react differently to sea-level rise, depending on the prevailing local geomorphic and geological conditions as well as the effectiveness of erosion-driving forces such as waves and tides. It is estimated that over 700 000 people will be displaced in Nigeria, with about 0.2 m rise in sea level, whilst a sea-level rise of about 0.4 m in the Bay of Bengal would put approximately 11% of the Bangladesh's coastal land underwater and create about 7-10 million climate refugees (Peehler 2007; Wax 2007) . According to Hinkel et al. (2011) , by 2100, 16-27 million people are expected to be flooded per year, and annual damage costs range between $ 5 and $ 9 billion, if no adaptation takes place. A study by Dasgupta et al. (2007) revealed that hundreds of millions of people in the developing world are likely to be displaced by sea-level rise within this century, and accompanying economic and ecological damage will be severe for many. Climate change projections have identified the West African coastal zone to be at risk of flooding by 2080 (Nicholls & Tol 2006) . The West African coast is considered highly vulnerable to climate change and its associated sea-level rise due to the concentration of poor population in potentially hazardous areas that are at risk to such changes (Boko et al. 2007 ).
The urgent need for awareness of the quality of global coastal ecosystems being adversely impacted by sea-level rise and the threat of sea-level rise-induced coastal erosion on coastal investments has accelerated efforts to assess, monitor and mitigate their impact. Analysis of the migrating pattern of the shoreline over time and the changes in the topography of the beach-face enables the impact of sea-level rise on beaches to be assessed. This study used available geospatial data and field measurements to determine how the beach topography has contributed to the incidence of flooding at Gleefe, a coastal community in Accra, Ghana.
The study area
Gleefe has in recent times been experiencing beach erosion problems which threaten life and property (Campbell 2006; De-Graft 2011) . The study area, which is part of Accra, the capital city of Ghana, is located at 5.3180°N and 0.1001°W along the Gulf of Guinea. It falls within the western coastal geomorphic section of Accra (Appeaning Addo, Walkden & Mills 2008) . The study area has been the subject of recent studies due to the high incidence of coastal erosion and flooding (Amoani, Owusu & Appeaning Addo 2011). The community is bounded on the north by the Sakumo Lagoon and on the south by the Gulf of Guinea (Figure 1 ). It is located on the barrier ridge separating the Sakumo Lagoon from the sea, and the geology consists of poorly consolidated rocks (Muff & Efa 2006) . The study area experiences significant differences in the amount and seasonal distribution of precipitation. It has two rainy seasons, with the major season between April and July, and the minor one between September and November. Sediment transport to the littoral zone is high during the rainy seasons as the rivers discharge their sediment from the upland catchment areas into the sea. Inversely, sediment transport reduces during the dry season, when temperatures are over 30 °C, resulting in the drying up of most of the rivers.
Gleefe, similar to most parts of Accra coast, has a relatively open coast that enables considerably strong, unimpeded swell waves to reach the shore (Appeaning Addo 2009). The swell waves break obliquely, generating longshore currents (Ly 1980) . The significant wave height for 50% of the time is about 1.4 m, the period is between 10 s and 15 s, whilst spring high tide is about 1.26 m (AESC 1980) . Figure 2 shows graphs of the dominant wave direction, mean period and surge as well the mean wind climates. Three types of current operate along the coast in the west-east direction. They include the longshore current, which varies between 0.5 m/s and 1.5 m/s, the Guinea current, which can measure up to 0.5 m/s during the rainy season but is weak most of the year, and the tidal current, which plays no significant role in the coastal morphology (Wellens- Mensah et al. 2002) . The wavegenerated, relatively high, longshore current is responsible for transporting sediment in the littoral zone (AESC 1980) . The study area is low-lying and hence has stagnant water pools in many parts. The population of Gleefe consists mostly of fishermen and fishing is the main economic activity in the community and thus the main source of livelihood for the entire community (Amoani et al. 2012) . Whilst the men are engaged in 'corporate fishing', the women work as fishmongers and provide other retail supporting services (selling of drinks, food, etc.). Most of the children provide fishing assistance to their parents, including the mending of torn nets.
Gleefe and its environs experience relatively severe erosion (Amoani et al. 2012; De-Graft 2011; Oteng-Ababio et al. 2011 ). The area is considered to be extremely vulnerable (Anokwa, Martin & Muff 2005; Appeaning Addo et al. 2008; Appeaning Addo et al. 2011) , due to the presence of unconsolidated as well as poorly consolidated sediment. The beach is made up of a long sand bar, traversing about 2 km of the coast, behind which is a lagoon. Morphological differences along the beach are absent as the sand bar is only partially divided into an eastern and western section by the Pambros salt production area (Amoani et al. 2012) . The salt production site is protected by boulders and thus appears as a riprap. Although erosion is evident on the entire beach, its signature is mostly seen on the eastern section where the width of the sand bar is greatly reduced and settlements suffer the consequences of erosion ( Figure 3 ). Although the western section also experiences erosion, it has a wider sand bar that reduces its impact. Behind the sandbar on this section of the beach is a stretch of The study area presently experiences severe flooding due to an upsurge in storm surge activities and tidal waves (DeGraft 2011), which can be attributed to a relative sea-level rise as a result of climate change. A significant percentage of the population has lost property due to increased flood erosion (Campbell 2006) . Increased erosion in recent times continues to threaten recreational activities, industries and a major Ramsar wetland site -Densu (Appeaning Addo et al. 2008) . The Densu wetland is a habitat for sensitive endemic species and serves as a fly zone for migratory birds (Ahulu, Nunoo & Awusu 2006) . A major large-scale salt production company, Pambros, is located within the wetland.
The sea level in Ghana is rising at a rate of about 2 mm/yr (Appeaning Addo 2009; Ibe & Quelennec 1989) , which is in conformity with the global estimate (Armah et al. 2005) . Relative sea-level rise is confirmed by filtered tide measurements from the Takoradi Tide Gauge Station and analysed by the Intergovernmental Panel on Climate Change (IPCC 1995) (Figure 4) . A recent study by Muff and Efa (2006) , through mapping of unconsolidated sediments of marine, lagoon and fluvial sand of all lagoons in Accra showed evidence of a high water stand of relatively short duration in recent times. The study concluded that a coastline below the present sea level existed before the sand bodies were deposited in the lagoons and estuaries. Analysis of sediment cores corroborate observations by Muff and Efa (2006) that a coastline once existed between 12 m and 18 m below the present sea level in Accra (Geoconsultants 2005 ). These findings again confirm studies by the Soil Research Institute of Ghana (SRI 1966 ) that identified historic changes in the sea level in the Accra coast. Changes in the sea level have been a major contributing factor in the shoreline evolution on Ghana's coast. It has caused shoreline erosion of the soft cliff areas, erosion of the laterite soils on top of hard rocks, thus exposing the substratum, and inundation of the lowlands over many years.
Methodology
The beach face was mapped using the Real-Time Kinematic (RTK) GPS method. An important advantage of this method over traditional beach surveying methods is the greater spatial coverage that can be achieved along the beach. This is accomplished by running transect survey lines along the beach face. A reconnaissance survey was conducted in the study area to identify a suitable location for establishing a control point that served as the reference point. The selected control point was on relatively high ground that facilitated good communication between the base receiver and the rover receiver. A static survey was conducted to coordinate the control point that enabled it to be used as the base station for the beach-face survey. One receiver was stationed permanently over the established reference station during the period of the data capture, whilst a rover was moved over the beach face at a defined transect interval. The process enabled transmission of real-time corrections from the base receiver to the rover receiver during the mapping process. The reference station established was connected to the Ghana national grid system. This will facilitate future monitoring activities as well as ensure compatibility with historic maps to enable change detection. The rover receiver was mounted on a monocycle to facilitate easy movement. Geographic coordinates (latitude and longitude) and elevations of the defined transect lines over the beach face were recorded. Postprocessing of the data used the Spectrum Survey software. The captured points were processed at the horizontal and vertical network accuracy of 0.010 m and 0.020 m respectively, at a 95% confidence level. The beach-face spot heights data enabled digital elevation models (DEM) to be generated. The DEM and the profiles generated revealed the topographical perspective view of the beach, showing the shape and the relative elevation of the beach face.
Near vertical aerial photographs captured in 1996 and an orthophoto map developed in 2005 were obtained from the Survey and Mapping Division of the Ghana Lands Commission. The high-water marks were digitised on screen to represent the shoreline positions for the two epochs. The 1996 photos were georeferenced using a 1974 digital topographic map of Ghana that was also obtained from the Survey and Mapping Division. The reliability of the 1974 map has been assessed by Appeaning Addo et al. (2008) , which increased confidence in using it as the reference. The 2005 orthophoto was already georeferenced. Overlay of the two different date shoreline positions enabled changes to be detected and rates of change to be estimated.
The Digital Shoreline Analysis System (DSAS) software was used to compute the historic rates of change in the shoreline positions. The software generates orthogonal transects at a user-defined interval that cross the shoreline positions. It automatically computes the shoreline rates of change statistics at the points where the shoreline and the orthogonal transect intersect. The software also allows the reliability of the estimated rates of change results to be established. Several methods are used to estimate the rates and included the endpoint rate, jacknife, linear regression, average of rates and weighted linear regression. Adoption of a particular method is influenced by the number of shoreline positions available and the accuracy required. A transect interval of 100 m was selected for this study. This is considered appropriate since according to Appeaning Addo (2009) , spacing below 100 m does not result in improved estimates of shoreline change rates.
The end point rate (EPR) method was used for this study since only two shoreline positions were available. EPR calculates the rate of change by dividing the distance of shoreline movement by the time elapsed between the earliest and the latest measurement. It is estimated that over twothirds of agencies that use shoreline rates of change data to manage coasts apply the EPR method (Fenster & Dolan 1994) , whilst Crowell, Leatherman and Douglas (2005) consider it as the most commonly used method to compute shoreline rates of change. Average trends and short-term variations in shoreline change were calculated for the nine-year period.
Results
The elevation model of the beach shows its topography ( Figure 5 ). The topography rises more to the west relative to the east. The highest point is about 4 m high.
Contours generated from the beach-face surveyed data revealed the relative differences in elevation along the beach (Figure 6 ). This is relevant as it shows the low areas that allow seawater to move inland during very high tide and storm surge.
A cross-sectional profile was drawn through the highest section (Figure 7 ). Behind this point is part of the Densu wetlands where the commercial salt production company Pambrose is located.
Cross-sectional profiles of the eastern and central sides of the beach (Figures 8 and 9 ) reveal a relatively low elevation beach with elevation between 1.5 m and 2 m. The beach also experiences over-wash due to wave action.
The longitudinal profile (Figure 10 ) generated along the beach revealed areas with relatively low elevations on the beach. These areas are suspected to act as channels that enable the seawater to move further inland during very high tides as reported by De-Graft (2011).
Merging the two digitised shoreline positions enabled changes over the nine-year period to be detected (Figure 11 ). Although the observed change could be part of a cyclic event that may recover after some time, it confirms previous studies that identified the area to be eroding in the long term (Amoani et al. 2012; Appeaning Addo et al. 2011 ).
The estimated average shoreline rates of change, computed at the intersection of the orthogonal transect and the shoreline 
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Gulf of Guinea 0 0.5 1 1.5 2 2.5 3 3.5 4 positions ( Figure 12 ) is about 1.4 m/yr. This is slightly higher than the short-term rate estimated for 2005 and 2011 by Amoani et al. (2012) and the long-term rate estimated by Appeaning Addo et al. (2008) .
Discussion
Various reasons have been assigned for the incidence of increased erosion at Gleefe by previous studies (Amoani et al. 2012; Oteng-Ababio et al. 2011) . The study by Appeaning Addo (2009) identified climate change and its associated sea-level rise as a major cause. Increases in temperature as reported by the EPA (2003) have resulted in increased sea level due to thermal expansion. This situation enables waves to break closer to the beach, dissipating their energy and transporting dislodged sediment along and across the shore. It has also been established that beach sand mining for construction purposes is a major source of coastal erosion in Ghana (Mensah 1997) . Mining of the beach sand has resulted in a situation of imbalance in the sediment budget and has led to instability in the system. The beach sand is thus eroded to compensate for the deficit created as the system strives to achieve equilibrium. Although beach sand mining is banned (Appeaning Addo et al. 2008) , the practice is on-going due to lack of employment for the inhabitants. This action has thus exacerbated the natural migration pattern of the shoreline in the study area. This partly explains the observed relatively high erosion in the study area. Climate change has also increased the incidence of storm surge, which results in flooding during very high tides. The relatively high longshore current as reported by the AESC (1980) and unplanned infrastructure development (World Bank 1995) have also contributed considerably to the observed incidence of erosion in the study area.
The elevation model developed for the beach ( Figure 5 ) shows uneven beach-face elevation. The western part is relatively higher than the central and eastern parts. The intertidal zone has a relatively low gradient and the slope of the beach is Metres shoreline rate about 1 m (Amoani et al. 2012) . The longitudinal profile ( Figure 10 ) reveals that portions of the beach have elevations below 1 m. The portions with very low elevations can be explained by the persistent removal of beach sand from such areas for construction. These areas serve as channels for the seawater to flood the coastal community during very high tides.
Sudden changes in wind intensity result in a storm surge that pushes the seawater inland and results in flooding. Wind speed has increased significantly due to climate change (ScienceDaily 2008) . This phenomenon explains in part the periodic flooding in the study area. The geology of the study area is made up of unconsolidated sediment (Anokwa et al. 2005) . The soft rocks are unable to withstand the energy of the waves due to their low strength. The relatively high longshore currents generated by the breaking waves erode and transport the sediment (AESC 1980) . This explains in part the considerably high rate of erosion along the Gleefe beach ( Figure 3 ). The elevation to the east of the study area is about 4 m and the commercial salt mining company has dumped boulders along this section of the beach to control erosion and prevent flooding of the salt pans behind the beach. This explains the relatively low short-term shoreline change along this portion of the beach, as indicated by Amoani et al. (2012) and confirmed by this study.
Presently, the sea level is rising at a historic rate of between 2 mm/yr and 3 mm/yr (Sagoe-Addy & Appeaning Addo 2012). Sea-level rise is predicted to affect the study area due to the relatively low elevation of the beach (Appeaning ). A rise in sea level by about 1 m will significantly affect the central and the eastern portions of the study area ( Figure 10 ). The study area experiences overwash, in which the beach sediment is moved backwards. However, the relatively low elevations behind the beach, as indicated by the cross sectional profiles (Figures 7, 8 and 9) , will result in a spreading out of the sediment and facilitate flooding. This will inundate the Densu wetlands and destroy the saltpans. The wetland has been identified as a highly productive and an important habitat for marine and migratory birds (BirdLife International 2012). Destruction of this ecological site, which is the second most important site for the rare Dougallii tern, will endanger the habitats of migratory birds and affect approximately 35 000 waterfowl (Birdlife International 2012). Flooding of the saltpans will further swell the unemployment problem that prevails in the area. The situation will reduce tax revenue from the salt industry and destroy the emerging bird-watching tourism industry. Three species of marine turtle, Lepidochelys olivacea, Chelonia mydas and Dermochelys coriacea, that have been recorded nesting on parts of the beach (Birdlife International 2012) will also have their nesting grounds destroyed.
Conclusion
Various factors combined have contributed to the observed erosion at Gleefe. However, sea-level rise and increased storm surge activities as a result of climate change have exacerbated the incidence of flooding in recent times. Mining of beach sand has resulted in the development of channels along the beach that allow seawater to move further inland during very high tide and has also reduced the volume of the beach sand significantly. It is estimated that the beach volume is less than 10 m 3 /m length (Appeaning Addo et al. 2008; Walkden & Hall 2005) , which is expected to have little influence on reducing erosion. According to Dickson, Walkden and Hall (2007) , beach sand volumes below approximately 10 m 3 /m length were independent of beach volume change, whilst larger volumes reduced erosion rates. Future sea-level rise as predicted by the IPCC (2007) will inundate a large portion of Gleefe and destroy the ecology of the Densu wetlands. Sources of livelihood of the coastal dwellers will be destroyed and this will result in economic and social challenges. Although Oteng-Ababio et al. (2011) have suggested relocation as an adaptation option for communities within the western part of Accra to mitigate the impact of climate change and sealevel rise, other options such as constructing sea walls and revetments should be explored.
